Abstract. In this paper, the Thermogravimetric Analysis-Fourier Transform Infrared Spectroscopy (TG-FTIR) technique is used to analyze the pyrolysis
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Introduction
Oil shale, an unconventional oil and gas resource, is a fine foliated sedimentary rock containing heterogeneous solid combustible organic matter in its mineral skeleton. Thanks to its rich reserves and the feasibility of exploitation, oil shale is recognized throughout the world as an important future supplement to oil for energy purposes [1] [2] [3] . The industrial value and hydrocarbon generation potential of oil shale significantly depend on its chemical composition and the structure of the dispersed organic microcomponent contained within. With kerogen as its main organic component, oil shale is a three-dimensional (3D) organic polymer of complex chemical structure composed of C, H and O, and minor elements like N and S [2] . The nonhomogeneous kerogen macromolecules are the major mother substances of oil and gas, the pyrolysis process of which involves many complex physical and chemical reactions.
The Thermogravimetric Analysis (TGA) is commonly used to study the pyrolysis characteristics and kinetics of complex materials such as coal, kerogen and biomass. In pyrolysis kinetics analysis, the apparent activation energy (E) and the frequency factor (k 0 ) are important parameters describing the pyrolysis process of a sample. The existing literature reports many pyrolysis kinetic models, including universal first-order [4] , section first-order [5] , Starink [6] , Friedman [7] and distributed activation energy [8] models. The distributed activation energy model (DAEM) was established by Vand [9] and then simplified by Miura and Maki [10] to make it easier to obtain E and k 0 at different heating rates (≥ 3) upon the pyrolysis process. In recent years, DAEM has been widely applied to studying the pyrolysis kinetics of organic materials like coal, oil shale and biomass under linear heating conditions [11] [12] [13] [14] . Based on the first-order reaction, Liu et al. [15] offered theoretical explanations for and made improvements in DAEM, applying then the model to a complex system of non-first-order chemical reactions. Having comprehensively considered all experimental and theoretical results, it may be said that DAEM has many advantages over the other pertinent methods. Fourier Transform Infrared Spectroscopy (FTIR) is an effective technique for the qualitative identification and structural analysis of organic compounds, allowing tests to be carried out also with samples other than crystalline and amorphous. In the microcomponent study of organic compounds, the chemical structure and variation characteristics of the corresponding macromolecules (except for paramagnetic diatomic molecules) may be determined according to the distribution of the characteristic spectrum and fingerprint region absorption peak in the spectrum. Solomon and Carangelo [16] studied three kinds of coal samples by using FTIR, and, accounting for the correlation between the characteristic peak area and sample concentration, quantitatively determined the percentage contents of aliphatic hydrogen (H al ) and aromatic hydrogen (H ar ) in the sample. Wang et al. [17] characterized the kerogen of oil shales from five different regions of China by employing X-Ray Diffraction (XRD), Nuclear Magnetic Resonance Spectroscopy ( 13 C NMR) and FTIR. The results showed kerogen to consist of different functional groups, i.e. aliphatic and aromatic hydrocarbons and oxygen-containing compounds, while the content of aliphatic carbon was in the range of 60-90%, being mainly of long chain-containing methylene structure. Thermogravimetric Analysis-Fourier Transform Infrared Spectroscopy (TG-FTIR), which offers the advantages of high sensitivity, real-time analysis and reproducibility, currently suits better the online identification of gaseous products and study of the pyrolysis mechanism of kerogen. Tong et al. [18] investigated the kerogen of Chinese Huadian oil shale by using 13 C NMR, X-ray Photoelectron Spectroscopy (XPS) and TG-FTIR. The researchers established that the kerogen carbon skeleton consisted mainly of aliphatic carbon (86.1%), while the aromatic carbon content was rather low (9.7%). It was also found that a functional group existed in the organic oxygen of kerogen and nearly half of the amount of organic nitrogen was present in aromatic heterocyclic rings. However, the in-depth study of kerogen composition and pyrolysis mechanism is extremely significant for further improving the development of oil shale and increasing its usage value, as well as bettering the quality characteristics of oil and gas produced.
In recent years, investigators in different countries have carried out a lot of research on the molecular composition and pyrolysis process of oil shale, though rarely revealing the pyrolysis reaction mechanism in terms of the relationship between kerogen macromolecular chemical structure and oil shale pyrolysis mechanism. The present paper characterizes the microstructure and composition of two types of kerogen samples by using the FTIR analysis, and performs their online analysis upon pyrolysis at different heating rates (10, 20 , 50 °C/min), by employing TG-FTIR, to find out the characteristic parameters of the process. In addition, the pyrolysis reaction mechanism of kerogen and the change of the yield of pyrolysis products are studied in detail. Also, the apparent activation energy and the frequency factor are determined through DAEM. Furthermore, the paper determines the apparent activation energy and uncovers the kerogen chemical structure, along with the change of the relationship between the conversion rate and the frequency factor.
Experimental

Selection and preparation of samples
The oil shale samples for the study were collected from the Huadian mine in Jilin Province and the Maoming mine in Guangdong Province, both China, in accordance with the requirements of standards ASTM D2013-07 (USA) and GB474-2008 (China). The collected samples were crushed, ground and screened to a particle size up to 88 μm and labeled HD and MM, respectively. The samples were obtained as hard, dark gray blocks with no particular smell. The proximate and ultimate analyses of oil shale samples met Chinese national standards GB/T212-2011 and GB/T476-2001, and the Fisher assay satisfied the national standard SH/T0508-92 of China. The physical properties of oil shale samples are presented in Tables 1 and 2 . The kerogen samples were prepared in accordance with the method described in the national standard GB/T19144-2010 (China) and labeled respectively HDK and MMK. Kerogen purity was determined using the Chinese national standard SY5123/T-1996, with loss on ignition (LOI) greater than 97%, which falls in line with the preparation standard grade with LOI of kerogen ≥ 75%. The kerogen ultimate analysis, the results of which are presented in Table 3 , was carried out in compliance with the Chinese national standard GB/T476-2001. Table 3 also gives the H/C and O/C atomic ratios and loss on ignition in the samples. Combined with the Van Krevelan diagram [19] , HDK was determined to be type I kerogen, while MMK was established to belong to kerogen of types I to II. However, it was more similar to type I kerogen, which suggests that kerogens of these two types have rather good oil-generating potential [18] . After the experiment, the remainders of the samples were placed in a vacuum oven and dried to constant mass, weighed, and finally stored in the dryer, for further use. 
Experimental apparatus and method
Fourier Transform Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was applied to determining the microstructure and chemical composition of the two kerogen samples by using a Bruker-TENSOR27 Fourier transform infrared absorption spectrometer (Germany). During the experiment, 1 ± 0.005 mg of each kerogen sample was weighed, the samples were diluted to a kerogen-to-potassium bromide mass ratio of 1:100, then the diluted samples were placed in the agate mortar for thorough grinding and uniform mixing until their spectra were no longer affected by the number of grinding cycles. A compression molding and oil press was used to compress the 50 ± 0.01 mg homogeneous milled mixture into a 0.5-1.0 mm thick transparent sheet at a vacuum pressure of 10 MPa. The transparent sheet was first placed in the vacuum oven (105 °C) and dried for 48 h, to reduce the moisture interference on the spectrum, and then placed on the sample holder in the infrared spectrometer test chamber for testing, with a spectral scanning range of 4000-400 cm -1 , resolution 4 cm -1 , grating aperture 34 mm, and the number of scans 32. The infrared absorption spectra of kerogen samples required corrections processing, and the standard normal variate (SNV) method was used to eliminate interference from particle scattering. The Savitsky-Golay method, meanwhile, was used to complete the spectrum smoothing, so that the processed spectrum was eventually correct.
Themogravimetric Analysis-Fourier Transform Infrared Spectroscopy
The Themogravimetric Analysis-Fourier Transform Infrared Spectroscopy (TG-FTIR) of samples employed a coupled TG-FTIR analyzer, which consisted of the Mettler-Toledo TGA/DSC1 thermogravimetric analyzer (Switzerland) and the Nicolet iS10 type Fourier transform infrared absorption spectrometer (USA). With its approximately 1 m long Teflon electric heating delivery tube, TG-FTIR enabled the outlet end of the analyzer and the inlet end of the infrared spectrometer gas cell to be connected. The temperatures of the Teflon gas delivery tube and the infrared gas pool were set to 180 °C to ensure that the gas components generated during the experiment would not condense and the high-purity nitrogen (99.999%) would flow smoothly in the system. During the pyrolysis process, the weighed mass of each kerogen sample was 10 ± 0.1 mg, the heating rates were set respectively at 10, 20 and 50 °C/min, the test temperature was in the range of 50-850 °C, the flow rate of the high-purity N 2 was 50 ml/min, and positive pressure conditions were established. The other experimental conditions were as follows: spectral detection range 4000-400 cm -1 , resolution 4 cm -1 , number of scanning cycles 200, and scanning rate 20 kHz.
Distributed activation energy model
The distributed activation energy model (DAEM) is a kinetic method that processes the reaction behavior of complex systems involving an infinite series of parallel first-order reactions. The related theoretical methods established earlier include the approximation [20] , inflection tangent [21] , Miura differential [22] and Miura integral [10] methods. In this paper, the Miura integral method was used to calculate the pyrolysis kinetic parameters of kerogen. In calculations, two assumptions were made: 1) assumption of occurrence of an unlimited number of parallel reactions, i.e. the entire pyrolysis reaction system consists of an infinite number of independent primary irreversible reactions taking place in parallel; 2) assumption of the activated energy distribution. In case of the latter assumption, each reaction has a uniquely determined activation energy value, and thus the activation energy value of the entire reaction system is presented in the form of a certain continuous distribution function. At point t, the kerogen pyrolysis process satisfies the following integral equation:
; V is the emitted quantity of a volatile component at point t; V* is the total quantity of volatiles calculated from the activation energy at any small change in the interval (E, E + △E) during the pyrolysis reaction of kerogen samples; V/V* is the conversion rate of pyrolysis products at point t; k 0 is the frequency factor; E is the apparent activation energy; R is the ideal gas constant, R = 8.314 J·mol -1 ·K -1 . When
where β is the heating rate, and
the activation energy distribution function f (E) can satisfy the following equation:
Meanwhile, the function ( , ) Φ E T is calculated and summarized as follows:
According to the Miura integration method, Equation (1) is simplified upon deformation as follows:
From Equation (5), ( , ) Φ E T = 0.58, allowing for a further simplification of Equation (6) into the following Arrhenius equation [10] :
3. Results and discussion
Kerogen microstructure characteristics
The absorbance strength at any wavenumber in the FTIR spectrum region of the tested kerogen samples can be obtained according to the Beer-Lambert law, which reflects the concentration of substances (functional groups) in kerogen [23] . Figure 1 shows the infrared absorption spectra of the microstructure of kerogen samples. Based on FTIR and quantum theory [24, 25] , the infrared spectra of the samples were divided into the following three regions: aliphatic hydrocarbons CH x stretching vibration, aromatic (-Ar) outer surface deformation and vibration, and other oxygen-containing hetero-atom stretching vibrations, as presented in Table 4 . Figure 1 shows that for the two kerogen samples in the wavenumber region of 3000-2800 cm -1 , there are respectively sharp stretching vibration peaks of methylene (-CH 2 -) at 2920 and 2852 cm -1 , and the characteristic weak out-of-plane deformation vibration peak of methyl (-CH 3 -) and methylene (-CH 2 -) at 1460 cm -1 . This indicates that the methylene-based complex aliphatic chains existed in the macromolecular structure of the two types of kerogen. For either kerogen sample, the small sharp peak at 720 cm -1 is attributable to the rocking vibration of long methylene chains (-CH 2 -), showing that methylene aliphatic chains in chains longer than 4 existed in both types of kerogen. The spike signals of HDK are significantly stronger than those of MMK, indicating that the former has a relatively longer chain along with better potential for oil production. On condition that the interference from the surface adsorbed water is eliminated, the broadened peaks in the wavenumber range of 3600-3100 cm -1 belong to the out-ofplane stretching vibration of the hydroxyl-containing hydrogen bonds (-OH), in which the hydrogen atoms are susceptible to mutually attracting apparent electronegative oxygen atoms on the other chemical bonds to form hydrogen bonds. In kerogen macromolecules, the polymerized macromolecules are formed between chains relying on the intermolecular hydrogen bonds exist primarily in the form of a recticular system based mainly on the polymerized hydroxyl. The latter can play an important role in stabilizing the skeletal structure of kerogen macromolecules. The sharp absorption peak at a wavenumber of 1705 cm -1 belongs to carbonyl stretching vibrations, while the intensity of the peak of HDK is much stronger than that of MMK. The broadening peak group in the 1650-1502 cm -1 region belongs to the stretching vibration of the aromatic ring C=C and oxygen-containing functional groups. Solomon and Carangelo [16] believed that the peak group strengthened the aromatic nucleus vibration due to the oxygen-containing functional groups connected by the aromatic ring Based on the above analysis, kerogen is polymerized from chemical bonds (i.e. hydrogen, ester, ether and π bonds) and contains functional groups such as alkyl, hydroxyl, carbonyl, carboxyl and aldehyde, At the same time, methylene is the basic cell of an aliphatic chain in the kerogen structure, and the interaction among the groups leads to the complex polymer compound having a sheet structure of condensed aromatic nuclei [26] .
Analysis of pyrolysis characteristics of kerogen samples
The kerogen samples HDK and MMK were analyzed for pyrolysis characteristics. Figures 2a-b show the thermogravimetric (TG) and differential thermogravimetric (DTG) curves of HDK and MMK, respectively, obtained at different heating rates (10, 20, 50 °C/min). According to the figure, the total thermal loss of HDK reaches 80% by weight, while that of MMK is near 70% by weight. Thus, HDK underwent a greater heat loss by weight. The characteristic pyrolysis parameters of kerogen samples were established according to TG/DTG curves ( Table 5 ). The initial and final pyrolysis temperatures (respectively t 0 and t f ) given in Table 5 were determined in accordance with the calculation method described in [14] . At different heating rates, the thermal loss by weight (w) for HDK in the main pyrolysis stage was respectively 46.94, 46.53 and 42.38%, and 40.90, 38.87 and 37.45% for MMK So, HDK experienced a greater weight loss. As the heating rate increased, the TG/DTG curves of both samples shifted to a higher temperature zone, and the thermal weight loss of HDK changed little while that of MMK was reduced. At different heating rates, the initial pyrolysis temperature of HDK was higher than that of MMK, the final pyrolysis temperatures of both were rather close. However, the maximum weight loss rate ((v DTG ) max ), the temperature of maximum weight loss rate ((t DTG ) max ) and the thermal weight loss rate (w) of HDK were greater than the corresponding figures for MMK. This indicates that the macromolecular structure and composition of HDK are relatively simple, its molecular structures are internally closely linked, the pyrolysis process represents a centralized reaction, and the yields of volatile substances are high, and reach quickly the peak. On the other hand, the internal molecular structure of MMK is rather complex. Both the samples underwent a bond-breaking reaction during the pyrolysis, involving interactions between the functional groups within the macromolecular structure of kerogen so that the pyrolysis required high energy and, finally, resulted in a higher final pyrolysis temperature [27, 28] . Figure 3 shows the Gramm-Schmidt curves for pyrolysis of kerogen samples HDK and MMK at a heating rate of 20 °C/min obtained using TG-FTIR. It can be seen from the figure that the kerogen samples show volatile component escape peaks of two different intensities, the intensity of each peak matching well with that of the corresponding DTG peak. According to the DTG and Gram-Schmidt curves and the 3D FTIR spectra, the FTIR spectral curves at several representative temperatures during the pyrolysis were selected for study. The conversion mechanism of volatiles during the pyrolysis of kerogen samples is depicted in Figure 4 . In Figures 4a-b , absorbance, wavenumber and representative time are coordinates. From Figure 4a it can be seen that the first volatile escape peak for HDK is at 202 °C, while the corresponding infrared spectral curve exhibits mainly a weak peak group in the stretching vibration region at 2325-2217 and 1920-1892 cm -1 . This indicates that a very small amount of micromolecular gases (CO 2 , CO, H 2 O) was produced along with the breakage of intramolecular hydroxyl and carbonyl functional groups in the transitional stage of pyrolysis of HDK. Figure 4b shows that the first volatile escape peak for MMK is at 211 °C, while the corresponding infrared spectral curve exhibits weak absorption peaks like the weak hydroxy stretching vibration (characteristic wave bands at 3750 cm -1 ), the C-H stretching vibration (two characteristic wave bands at 2962/2800 cm -1 ) and the C=O stretching vibration (two characteristic wave bands at 2377/2306 cm -1 ). This implies that small amounts of micromolecular gases (H 2 O, CO 2 , CH 4 , CO) were generated along with the breakage of intramolecular (-OH), C=O and CH x functional groups in the transitional stage of pyrolysis of MMK. In the transitional phase of pyrolysis, the breakage of intra-or intermolecular hydrogen bonds led to the release of a very small amount of water from kerogen samples. As a result, the kerogen macromolecules were structurally changed and the amorphous region was destructed. Finally, the kerogen molecules underwent homogenization of polymerization degree, so that a large quantity of active free radicals was produced from dehydrogenization and decarbonization, and frangible bond functional groups (carboxyl, alcohol, hydroxyl, carbonyl) were gradually produced [29] . Each kerogen sample experienced a slight weight loss, while their appearance and morphology did not change significantly, though the sample internal structure underwent a series of physical as well as irreversible chemical changes typical of hot asphalt. As a result, the samples composition, structure and number of chemical groups were changed and an active intermediate was formed which influenced the distribution of final volatile products.
Analysis of the pyrolysis mechanism of kerogen samples
In Figures 4a-b , the temperatures corresponding to the second-order intensity peaks of HDK and MMK are 477 °C and 461 °C, respectively, both representing the highest volatile escape peak throughout pyrolysis. For both HDK and MMK, the front and back of the highest volatile escape peak together form the main region of pyrolysis, namely the oil production stage. With the constant escape of large quantities of volatile products, the intensity of characteristic peaks, including the -CH 2 -stretching vibration at 2920 and 2852 cm -1 , the C=O stretching vibration at 1705 cm -1 and the -CH 3 -and -CH 2 -deformation vibrations at 1460 cm -1 , increased with time (temperature) elapsed, while the intensity of each peak weakened rapidly upon attaining the maximum. However, the corresponding CO 2 and CO absorption peaks of stretching vibrations at 2278 and 2240 cm -1 always appeared feebly during pyrolysis, while the weak absorption peak of gaseous H 2 O corresponding to the stretching vibration in the 3852-3150 cm -1 region was always present. Based on the above analysis, with increasing temperature, the kerogen samples underwent an intense decomposition, which afforded a high amount of macromolecular condensable volatile components along with a small portion of micromolecular noncondensable volatiles, which eventually resulted in a significant weight loss. During pyrolysis, the kerogen macromolecules underwent a series of complex thermal decomposition reactions, featuring chemical bonds (crosslinks) breakage, along with the constant breaking, parting and cyclization of alkyl side chains, the carboxyl group and ether bond functional groups in the aliphatic hydrocarbons. As a result, the macromolecular tar substances like alkanes, carboxylic acids, aldehydes, alcohols and ketones, and micromolecular light gases gradually formed. In subsequent experiments, a small portion of macromolecular condensable volatile components were broken down into micromolecular gases CH 4 , CO 2 and CO. The aromatic structures were continuously polycondensated, and the aromatic structure levels in the kerogen pyrolysis residues increased. Finally, the solid phase crosslinking and a more stable graphite-like structure of kerogen took shape.
In addition, the curves for evolved micromolecular light noncondensable volatile compounds (CH 4 , CO 2 , CO) and macromolecular condensable volatiles containing CH x and C=O functional groups produced during kerogen pyrolysis could be obtained employing FTIR (Fig. 5) . Figure 5 shows that in the whole range of the online red-light spectrum, the escape curve of CH 4 upon pyrolysis of HDK and MMK remained rather weak, due primarily to the degassing/decarboxylation in the transitional phase of kerogen pyrolysis and reorganization of the volatiles debris in its main stage. The escape curves of CO 2 and CO demonstrate that the emission and mass loss of the gases during pyrolysis of kerogen samples were basically similar (Fig. 5) . The intensity of the peaks of evolved CO 2 and CO at a low temperature is mainly due to the degassing effect in the pyrolysis of HDK and MMK and the decomposition of organic compounds (i.e. decarboxylation of carboxylic acid compounds). A gas escape peak of significant intensity appears in the region of 420-450 °C, due mainly to degassing during kerogen pyrolysis and decarboxylation/decarbonylation of hydroxyl and carboxyl groups in the aliphatic chain and the aromatic structure [30] . Comparison shows that the concentrations of volatiles evolved upon pyrolysis of MMK and HDK in the low-temperature region were almost similar, but with advancing pyrolysis, these concentrations were significantly higher for HDK than for MMK. In addition to the said more volatile noncondensable gases, most of the pyrolysis products were large-molecular condensable volatiles consisting of complex functional groups. In the 3000-2800 cm -1 region of the infrared absorption spectrum the characteristic peaks of symmetric and asymmetric CH x stretching vibrations and a Gaussian-type curve of evolved highconcentration volatiles can be found at 2960, 2920 and 2852 cm -1 , respectively. This region's peak groups belong to the methylene and methyl functional groups in the aromatic ring and aliphatic chains [31] . In the wavenumber region of 1900-1300 cm -1 the C=O stretching vibration peaks at 1730 cm -1 can be found. These peaks belong to the carbonyl, ether and carboxyl groups contained in the aromatic ring and aliphatic chains. The analysis reveals that the pyrolysis of aliphatic hydrocarbons and oxygencontaining compounds in kerogen occurs mainly in the temperature region of 350-520 °C and the kerogen pyrolysis products are alkanes, carboxylic acids, aldehydes, alcohols, ketones and other macromolecular tar substances.
Analysis of pyrolysis kinetics of kerogen samples
The relationship between the conversion rate (V/V*) and temperature (T) in the pyrolysis reaction of kerogen samples at various heating rates was determined according to the TG and DTG curves (Fig. 6 ). From Figure 6 it can be seen that the curves of conversion rate change with temperature at different heating rates almost converge. After selecting 21 V/V* point values from the conversion rate range of 0-1 for the two kerogen samples at different heating rates, a curve of the relationship between ln(β/T 2 ) and 1/T at various conversion rates in accordance with Equation (5) was plotted (Fig. 7) . Also, the apparent activation energy E and the frequency factor k 0 at different conversion rates of kerogen samples were calculated (Table 6) .
DAEM was used for determining the relationship between the apparent activation energy (E) and the conversion rate (V/V*) for kerogen samples (Fig. 8) . Figure 8 shows that in the whole hydrocarbons conversion system, E stepwise changed, and the pyrolysis reaction represented a complex multi- step process consisting of a number of independent irreversible reactions, ranking in ascending final order of bond energies. When the conversion rate was low, the functional groups of weaker bond energy were decomposed into oil and gas, while those with higher bond energy were broken up and produced most of the tar, though at higher temperatures and with higher energy. The results of calculations showed that during HDK pyrolysis, the apparent activation energy E was in the range of 100.44-482. 29 So, compared to MMK, E 0 of HDK pyrolysis was lower, while the pyrolysis activation energies of both kerogen samples were sufficiently high. These results verify again that the kerogen pyrolysis process on the whole is a complex multistep chemical reaction.
When V/V* fell in the range < 0.35 to > 0.75, the change range of E was relatively wide, but with no obvious trend. When V/V* < 0.35, the E value was relatively low, mainly because the side chains with poor stability and the active functional groups in the kerogen macromolecules were broken in the low-temperature region of pyrolysis. When V/V* > 0.75, a higher activation energy was required for pyrolysis due to the dehydrogenation and condensation of the aromatic residue of kerogen and aromatization of the aromatic ring. When V/V* fell in the range of  (0.35-0.75), the E value levelled with the changing amplitude of V/V*, due chiefly to the constant breaking, parting and cycling of functional groups (i.e. long-chain alkanes, the carboxyl group, and the ether bond in kerogen macromolecules), thereby generating large quantities of macromolecular condensable volatile compounds and a small fraction of micromolecular light gases at this stage of pyrolysis. With progressing kerogen pyrolysis, the apparent activation energy increased. Taken together, a further discussion on the kerogen pyrolysis mechanism by using TG-FTIR will be required.
The so-called "kinetic compensation effect" is the increase of lnk 0 , the logarithm of frequency factor with the rise of E value [32] . By using DAEM, an exponential relationship was found to exist between the apparent activation energy and the logarithm of frequency factor for kerogen samples during pyrolysis and a good linear relationship was established between lnk 0 and E, while the correlation coefficient was found to be greater than 0.99 for both HDK and MMK (Fig. 9) . The difference in linear regression equations between kerogen samples also explained the difference in homogeneity and stability between their macromolecular structures. In the pyrolysis process of kerogen, the exponential relationship between the frequency factor k 0 and the apparent activation energy E objectively reflects the kerogen chemical structure, and has a certain reference value from the viewpoint of application of the dynamics model to a further study of the chemical structure of oil shale.
Conclusions
The Fourier Transform Infrared Spectroscopy (FTIR) technique was
employed to analyze the microstructure of kerogen of Chinese Huadian and Maoming oil shales. The results show that in the wavenumber region of 3000-2800 cm -1 , there are sharp stretching vibration peaks of methylene (-CH 2 -) at 2920 and 2852 cm -1 for the two kerogen samples, respectively. The kerogen of oil shales consists of three parts -aliphatic chains, aromatic hydrocarbons and the oxygen-containing heteroatomic functional group, and it has a structure typical of aliphatic chain. 2. The pyrolysis of kerogen samples occurs mainly in the temperature region of 350-520 °C in which the conversion rate is the most intense, and the post-pyrolysis semicoke residue accounts for less than 32.5%. With the increase of the heating rate, the heat transfer lag effect and the chemical reaction time are shortened so that the initial pyrolysis temperature of the samples, the mass loss peak temperature and the final pyrolysis temperature are increased and, finally, the TG/DTG curves shift to the high-temperature region. 3. The kerogen pyrolysis products contain most of the macromolecular tar substances like alkanes, ketones and carboxylic acids, as well as a small portion of lightweight volatile gases. The aliphatic hydrocarbons are the main compounds released from kerogen pyrolysis. Throughout pyrolysis, the lightweight noncondensable volatile compounds (CH 4 , CO, CO 2 ) are present in relatively low concentrations, while the condensable volatile compounds containing macromolecules (CH x , C=O group) are released in higher concentrations and show the Gaussian distribution. 4. The pyrolysis kinetics analysis of the two kerogen samples reveals that the average apparent activation energy is respectively 330.61 kJ·mol -1 and 363.61 kJ·mol -1 , and the pyrolysis reactions mainly occur in the conversion rate range of [0.35-0.75]. In the whole pyrolysis system, the apparent activation energy and the logarithm value of frequency factor show a good linear relationship. This relationship objectively reflects the kerogen chemical structure and is of reference significance from the viewpoint of application of the dynamics model to a further study of oil shale chemical structure.
